Inhaled nanoparticles (< 100 nm) reaching the deep lung region first interact with the pulmonary surfactant, a thin lipid film lining the alveolar epithelium. To date, most biophysical studies have focused on particle induced modifications of the film interfacial properties. In comparison, there is less work on the surfactant bulk properties, and on their changes upon particle exposure. Here we study the viscoelastic properties of a biomimetic pulmonary surfactant in the presence of various engineered nanoparticles. The microrheology technique used is based on the remote actuation of micron-sized wires via the application of a rotating magnetic field and on timelapse optical microscopy. It is found that particles strongly interacting with lipid vesicles, such as cationic silica (SiO2, 42 nm) and alumina (Al2O3, 40 nm) induce profound modifications of the surfactant flow properties, even at low concentrations. In particular, we find that silica causes fluidification, while alumina induces a liquid-to-soft solid transition. Both phenomena are described quantitatively and accounted for in the context of colloidal physics models. It is finally suggested that the structure and viscosity changes could impair the fluid reorganization and recirculation occurring during breathing.
I -Introduction
Following their interaction with living organisms, nanoparticles (NPs) first interact with extracellular body fluids (ECF) before they come in contact with cellular structures. ECFs are composed of the blood plasma, of liquids from interstitial compartments, including the lymph, the mucus and the pulmonary surfactant and from small amounts of transcellular liquids in the ocular and cerebrospinal cavities. Combined, these fluids represent 1/3 of the total body fluids in humans, i.e. around 15 L for a person of normal weight. Upon contact with ECFs, NPs are dispersed in a waterborne phase rich in electrolytes, lipids, proteins and carbohydrates with which they interact. This is the case for example when NPs are introduced into the respiratory and digestive systems or the blood compartment. Over the last 20 years, studies have focused on NP interactions with serum proteins from the blood. 1, 2 When mixed with serum, NP interfaces are spontaneously covered with proteins, leading to the protein corona formation. 3, 4 For NPs, it is assumed that the protein corona determines their new biological identity and eventually regulate their interaction and biodistribution in vivo.
In the context of nanoparticles interacting with the ECFs, the respiratory zone in the lungs represents an interesting environment. In this region, the alveoli form a froth-like structure and their interface with the air is lined with a thin layer (< 1µm) of pulmonary surfactant. Secreted by alveolar epithelial cells, pulmonary surfactant is an interstitial fluid that contains lipids and proteins in a 90:10 ratio, its overall weight concentration being approximately 40 g L -1 . Its role is to reduce the surface tension with the air, to prevent the alveoli collapse at the lowest lung volumes and facilitate their expansion during subsequent inspirations. 5, 6 The proteins present in the surfactant film such as SP-A, SP-B, SP-C and SP-D play an important role in the structure and function of the alveoli, in particular with regard to pathogen elimination and to interfacial film stability. For particles not captured in the upper airways, surfactant represents the first physical barrier against small sized particles (< 100 nm). Pertaining to the interaction mechanisms with lipids, the picture emerging from current literature is based on the protein corona model described previously, leading to a description in terms of biomolecular or lipid coronas. For particles with hydrophilic surfaces, this corona is often depicted as a supported lipid bilayer (SLB) which consists in a single bilayer adsorbed at the particle surface via adhesive forces. [7] [8] [9] [10] [11] However, recent studies have shown that the SLB formation is not spontaneous (in contrast to the protein corona) and depends on various factors such as particle and membrane charges as well as particle size. [12] [13] [14] So far, the exact nature of this lipid corona is not well established.
In the alveolar spaces, inhaled NPs first cross the interfacial lipid monolayer and thereafter diffuse through a three-dimensional network of interconnected membranes towards the hypophase. 15 With a lipid concentration estimated at 40 g L -1 , [16] [17] [18] [19] the hypophase is a dispersion where lipids are organized in multilamellar vesicles and tubular myelins. 6, 19, 20 To date, most biophysical studies have focused on the modification of the interfacial film properties. Using pulmonary surfactant mimetics, Schleh et al. have shown that nanosized titanium dioxide induces a surfactant dysfunction associated with a dose-dependent increase of adsorption and surface tension. 21 Similar results were found using gold, silica, polymeric NPs with either synthetic or exogenous formulations. [22] [23] [24] Surface pressure-area isotherms of synthetic lipid mixtures also depict strong modifications of the lipid interfacial organization caused by hydrophobic as well as hydrophilic NPs. [25] [26] [27] [28] [29] During compression and expansion, it is found that particles lead to a disruption of the lipid phase behavior and alter the surface tension hysteresis cycle. Transposed to the lung environment, repeated exposure is expected to cause perturbations of the lung physiology associated with particle retention, cellular oxidative stress generation and pro-inflammatory effects. 15, 30, 31 In comparison, there is much less work done on the surfactant bulk properties and on the effects of nanoparticles. Bulk rheology measurements were reported by King et al. 32 and by Lu et al. 33 who found that the viscosity of native and exogenous surfactants determined at physiological concentrations were in the range 5 -50 mPa s, indicating a relatively low viscosity ECF. In a recent work, we investigated the viscosity of the biomimetic lung surfactant Curosurf® as a function of the volume fraction in vesicles and found that it obeys the well-known Krieger-Dougherty law for colloids, 34, 35 ( ) = & (1 − / * ) +, where & is the solvent viscosity and * = 0.65 the maximum-packing fraction. 36 The Krieger-Dougherty behavior is characterized by an exponential increase of the viscosity and a divergence at * . An important conclusion of this study was that in physiological conditions, the biomimetic lung fluid had a viscosity around 10 mPa s and a highvolume fraction ( ~ 0.25), indicating a crowded environment. With a physiological value close to the maximum-packing fraction, viscosity changes resulting from the addition of particles are expected. During breathing, pulmonary surfactant is subjected to local motion and any structure or viscosity changes could impair the fluid reorganization and recirculation.
In this work, we study the effects of silica and alumina nanoparticles on Curosurf® rheological properties at physiological concentrations. As NP models, silica and alumina were selected because they are manufactured in high volume by the chemical industry, which increases the risk of occupational and environmental exposure. 37 It was also found that silica and alumina NPs inhalation may lead to a series of disease including lung inflammation and cancer [38] [39] [40] . Recently, Puisney et al. have shown that silicon and aluminum based NPs, including oxides, are produced by brake wear and degradation processes of passenger vehicles and are expected to be present in urban air pollution in significant amounts. 41 Concerning the choices of nanoscale particles in our study, it has been shown that the particle deposition along the respiratory tract depends primarily on their aerodynamic diameter. It was found that for particles around 20 nm, more than 90% of the inhaled mass fraction deposit in the entire lungs and 50% in the alveolar region. 40, 42 For the 40 nm particles put under scrutiny here, these percentages are slightly lower, at respectively 53% and 37%. For microrheology experiments, we exploit the technique of magnetic rotational spectroscopy (MRS) [43] [44] [45] [46] in which micron-sized wires are submitted to a rotational magnetic field as a function of time and of the angular frequency ( = 10 -2 -10 rad s -1 ), while their motion is monitored by time-lapse optical microscopy. The MRS technique enables to measure the shear viscosity and elastic modulus of complex fluids, it is suitable for fluids in minute amounts and with heterogeneities at the micron scale. It is found that particles interacting with Curosurf® vesicles induce profound modifications in the surfactant flow properties. At low concentrations, fluidification is observed with silica whilst with alumina, a transition towards an arrested vesicular state occurs at particle concentration above 0.1 g L -1 .
II -Results and discussion

II.1 -Nanoparticles, Curosurf® vesicles and interaction
Recently we studied the phase behavior of a series of nanoparticles and biomimetic surfactants under controlled physico-chemical conditions. 8, 47, 48 Interaction diagrams were determined from dilute solutions using various organic and inorganic NPs. From their aggregation behaviors with Curosurf®, the NPs were characterized with regard to their interaction strength parameter. Large strength parameters were obtained for highly charged cationic particles, whereas small or close to zero strength parameters were found for neutral and for anionic particles. In this section, we summarize the main results obtained on nanoparticle-vesicle interactions. Figs. 1a-b display transmission electron microscopy images of positively charged silica and alumina NPs, respectively. Silica are spherical and characterized by an average diameter of 42 nm, whereas alumina appear as irregular platelets of diameter 40 nm and thickness 10 nm. In solution, NP stability is ensured by electrostatic repulsions mediated by cationic surface charges. The NP charge density has been estimated at +0.62e nm -2 and +7.3e nm -2 respectively using a polymer-based titration method. 49 Combining different techniques such as the cryo-transmission electron microscopy (cryo-TEM), nanoparticle tracking analysis, dynamic light scattering and phase-contrast light microscopy, we have shown that Curosurf® lipids self-assemble into vesicles and that the vesicle sizes are broadly distributed, typically between 100 nm and 10 µm. 36 Fig. 1c illustrates a representative cryo-TEM image of Curosurf® at 5 g L -1 showing uni-, multilamellar and multivesicular vesicles. 8, 21, [50] [51] [52] [53] From the lipids in Curosurf® (Supplementary Information S1), we determined the surface charge density on the vesicles at -0.67 e nm -2 and anticipate strong (resp. weak) interactions with cationic (resp. anionic) NPs. 49, 54 Supplementary Information S4. d, e ) Hydrodynamic diameter of nanoparticle-vesicle dispersions as a function of the concentration ratio = 12 / 31 obtained from dynamic light scattering at = 25 °C for silica (d) and for alumina (e). In the figures the lipid and nanoparticle weight concentrations as a function of read: 12 ( ) = /(1 + ) and 31 ( ) = /(1 + ), with being the total concentration. To avoid multiple scattering, the total active concentration was adjusted at = 1 g L -1 for silica and = 0.1 g L -1 for alumina. Inset: Optical microscopy images of mixed nanoparticle-vesicle aggregates. The images were obtained from dispersions at 's corresponding to the maximum seen by light scattering.
To evaluate these interactions, we use the method of continuous variation developed by P. Job that we modify for light scattering. 47, 55, 56 Figs. 1d and 1e display the hydrodynamic diameter obtained from mixed dispersions as a function of the concentration ratio = 12 / 31 , where 12 and 31 denote the lipid and nanoparticle weight concentrations at a given . Note that in the Job plots the total concentration = 12 + 31 is held constant and maintained in the dilute regime. In Fig. 1d and 1e, the hydrodynamic diameters exhibit a maximum in the intermediate range = 1 -10, which we ascribe to the formation of aggregates. Examples of aggregates seen in optical microscopy are shown in the insets. Results on aggregates were obtained at room and body temperatures i.e. below and above the gel-to-fluid transition of Curosurf® membrane at 29.5 °C (Supplementary Information S2). 8, 48 The outcomes of Fig. 1 suggest a strong electrostatic attraction between the oppositely charged NPs and vesicles. According to this scenario, the NPs adsorb at the lipid membranes and play the role of stickers for vesicles. Instances of particle sticking at the vesicular membrane were found with silica NPs using cryo-TEM experiments. 47 As a negative control, we also investigated the effects of an anionic silica NPs (20 nm) with Curosurf®. The Job scattering plot did not show evidence of aggregation and the 7 's varied continuously from that of the NPs to that of the vesicles. Results on anionic silica NPs and interaction diagrams are provided in Supplementary Information S3.
II.2 -Nanoparticle loaded surfactant showing a viscous fluid behavior
We now turn to the study of Curosurf® and to the effects of NPs on the rheology. The Curosurf® concentration is fixed at 12 = 44 g L -1 , while the NP concentrations are varied from 31 = 10 -3 to 0.5 g L -1 . It is shown in Materials and Methods that the lowest range of the above 31 -interval is associated with an amount of nanoparticles in the alveolar region (extrapolated to human lungs) of 20 to 200 µg. 21, 42 Depending on the NP type and concentration, two generic behaviors were observed with the wire-based microrheology. In this section, we describe the features corresponding to the case where the wires rotate steadily in the fluid with a non-zero average velocity, defined as ( ) = < ( , )/ > @ , ( , ) being the wire orientation angle at actuating frequency . The case where ( ) ≃ 0 is discussed in the next section. Fig. 2a illustrates the rotation of a 43 µm wire in a Curosurf® dispersion mixed with alumina NPs. The different images of the chronophotograph are taken at fixed time intervals (3.5 s) during a -rotation of the object, showing that the wire rotates synchronously with the field. The applied frequency is 0.06 rad s -1 and the magnetic field E = 10.3 mT. In the image background, micron-sized vesicles may be seen and in Movie#1&2, it is shown that they are being sheared by the wire rotation (Supplementary Information, Movies#1&2). With increasing frequencies, the wire exhibits a transition between a synchronous and an asynchronous (i.e. not synced with the magnetic excitation) regime. In Figs. 2b, 2c and 2d, transient ( )-traces are represented at angular frequencies 0.06, 0.3 and 3 rad s -1 . The straight lines in red are least squared fitting to the ( ) in both regimes, and their slopes provide the average rotation velocity , here equal to 0.06, 0.12 and 0.03 rad s -1 . In these studies, non-zero ( )'s were found for pristine Curosurf® at physiological concentrations 36 and for Curosurf® mixed with silica at all concentrations tested, and with alumina at concentrations below 31 = 0.1 g L -1 . Such behaviors are characteristic of viscous or viscoelastic liquids. 57 Fig. 2a. c and d ) Same as in Fig. 2b for the asynchronous regime at = 0.3 and 3 rad s -1 . The average rotation frequency ( ) is defined from the straight lines indicated in red.
The rheological nature of the vesicular fluids put under scrutiny is here identified by monitoring the asymptotic behaviors of two measurable quantities: the angular frequency G at which the synchronous-asynchronous transition takes place, and the angle H ( ) which is the amplitude of the oscillations in the asynchronous regime. As shown previously, 46, 57, 58 G is used to determine the fluid viscosity through the expression 57 G = 3 E Δ , /8 * , where * = O ( ⁄ ) ⁄ and ( / ) = ( / ) − 0.662 + 0.917 / − 0.050( / ) , . In the previous equation, E is the permeability in vacuum, and the length and diameter of the wire, the magnetic excitation amplitude, Δ = , (2 + ) ⁄ denotes the anisotropy of susceptibility between parallel and perpendicular directions and represents the material magnetic susceptibility. Fig. 3a displays the ratio 8 G /3 E Δ , as a function of * for different Curosurf® samples with and without NPs. The definition for G is illustrated in the inset. The concentrations shown in the figure are 31 = 0.037 and 0.086 g L -1 for alumina and 31 = 0.088, 0.21 and 0.50 g L -1 for silica. The data points are found to collapse on a single master curve displaying the 1/ * , -dependence (continuous line). The agreement between data and theory is excellent. The measured viscosity is between 3 and 12 mPa s and its concentration dependence will be discussed in Section. III.4. Fig. 3b shows the oscillation amplitude angle H as a function of the reduced frequency / G for the same 6 samples (see inset for the H -definition). A good superimposition of the data points is observed and is in agreement with the Newtonian constitutive equation prediction which goes as H ( / G ) ~ ( / G ) +[ for ≫ G (continuous line). 57, 58 Note that in the H ( / G )-representation, the continuous line in the figure is obtained with no adjustable parameter. 45, 57 In conclusion to this part, it is found that Curosurf® loaded with silica behaves as a Newtonian fluid at all concentrations studied and that the dispersions are characterized by a single rheological parameter, the static shear viscosity . A similar type of behavior can be observed for Curosurf® mixed with alumina at concentrations lower than 31 = 0.1 g L -1 . In the previous samples, evidence of viscoelasticity was not found. 36, 57 
II.3 -Alumina loaded surfactant showing a soft solid behavior
Here we describe experiments corresponding to the second generic behavior in which wires oscillate apart from a fixed orientation and have a zero-average velocity. Fig. 4a displays a chronophotograph of a 64 µm wire incorporated to a 44 g L -1 Curosurf® dispersion mixed with alumina particles at 31 = 0.40 g L -1 ( = 0.3 rad s -1 , E = 10.3 mT). The corresponding movie can be watched in Supplementary Information, Movies#3&4 . The images in Fig. 4a are recorded every 3.5 s and show that the wire now oscillates between two orientations, here = 85° (as shown in images 1, 4 and 7) and = 55° (images 2, 5 and 8). These back-and-forth oscillations remain steady over long period of time (> 1 h). The top red arrows indicate the counterclockwise rotation occurring at each oscillation. Fig. 4b, 4c and 4d display the orientation angle ( ) at angular frequencies 0.06, 0.3 and 3 rad s -1 respectively. As shown by the straight lines in red, the average rotation frequency ( ) is small (of the order of ±10 +_ rad s -1 ) and frequency independent. This inequality ( )/ ≪ 1 observed in these experiments is an indication that the material around the wires is a soft solid and characterized by a yield stress behavior. The results of Fig. 4 are similar to those found in calcium ion crosslinked polysaccharide gels and for which cone-and-plate rheometry evidenced a marked yield stress signature. 45 We now proceed to a quantitative analysis of the data obtained on the soft solid dispersions. Fig.  5a displays the oscillation amplitude H ( ) as a function of the frequency at 31 = 0.19 g L -1 and for wires comprised between 28 and 92 µm. It is found that H ( ) exhibits a plateau at low frequency, noted H,abc and decreases above 1 rad s -1 . At 31 = 0.49 g L -1 , the H ( )-response consists essentially in a plateau and no high frequency decrease is observed (Supplementary Information S5). According to the constitutive equations developed for soft solids, 45 the low frequency limit, here approximated to H,abc is linked to the equilibrium storage modulus ef through the relation lim j→E H ( ) = 3 0 Δ 2 /4 * , ef . For a soft solid, ef characterizes the quasistatic elastic response of the material, i.e. as goes to zero. Figs. 5b and 5c show the * -dependence of the maximum angle for two alumina concentrations together with the predicted H,abc ~ 1/ * , scaling. 45 The shaded area in the figures highlights the range over which the 1/ * ,prefactor varies in these experiments. These results suggest that the variability in the modulus could come from elasticity fluctuations at the scale of the wires. The value and physical interpretation of the elastic soft solid properties are discussed in the next section.
To further illustrate the soft solid behavior found for Al2O3 loaded dispersions, we investigated the transmitted light intensity with time-lapse microscopy in pristine and in processed samples. From their structures, the samples with and without NPs appear identical under the phase-contrast microscope (Fig. 5d ). Strong differences are observed however with regards to the transmitted intensity light fluctuations (Fig. 5e ). For Curosurf®, the vesicles are agitated with thermal motions, leading to noticeable fluctuations of the transmitted light. For Al2O3-loaded samples by contrast, the vesicles appear as stuck to each other and form large immobile clusters (Supplementary Information S6 and Movie#5). The observed vesicular frozen state is illustrated in Fig. 5e , which compares the fluctuation distributions for Curosurf® dispersions with and without alumina particles ( 31 = 0.50 g L -1 ). The distributions were collected at five different locations on each sample by recording the transmitted light intensity as a function of the time and were later adjusted with a Gaussian function. Best fit calculations reveal that the fluctuation amplitudes are decreased by a factor of 10 for alumina compared to those of the initial dispersion and that the data for silica are close to those of pristine dispersion. These results illustrate quantitatively the existence of an arrested state induced by alumina particles, in agreement with the microrheology findings. In conclusion, we found that concentrated alumina loaded Curosurf® behaves as a soft solid material characterized by a yield stress and by an equilibrium storage modulus ef , the latter being measured. For these samples, the static viscosity is infinite. 35 Fig. 6 shows the concentration dependences of the rheological properties of Curosurf® loaded with silica and alumina NPs. The main frame displays the static viscosity as a function of the nanoparticle concentration 31 (data from Section III.2). Below 10 -3 g L -1 , the viscosity remains at the level of the pristine fluid around = 9.0 ± 2.0 mPa s. This value agrees well with the recent measurements obtained on Curosurf® as a function of the lipid content. 36 With increasing 31 , a similar behavior is observed with the two particles studied. The static viscosity decreases down to 5 ± 1 mPa s and for silica the tendency persists towards the highest concentrations. At 0.5 g L -1 , The reduction of viscosity noted in Fig. 6 is a phenomenon that can be understood in the context of colloidal physics. Recent studies have found that for dense suspensions stabilized by short range repulsion (as it is the case for Curosurf® vesicles), the addition of weak attractive interaction leads to a decrease in viscosity. [59] [60] [61] [62] In these reports, the colloids are beads and microgels and the attraction is due to depleting non-adsorbing polymers. 59, 61, 62 It was found that a minute amount of depleting agents leads to the formation of large cohesive aggregates and thereby to a decrease of the effective volume fraction. As a result, the suspension bulk viscosity decreases, in proportions similar to those of Fig. 6 . 60, 61 With NPs strongly interacting with vesicles (as shown in Fig. 1d and  1e) , results suggest that the attractive potential is not due here to depletion forces, but mediated by particles acting as physical links between vesicles. 8, 48 However, in the low concentration regime ( 31 < 0.1 g L -1 ), the particle shape and surface charge density do not play a major role, as the viscosities of silica and alumina loaded dispersion behave similarly. The second important result is the observation of a transition from a viscous liquid to a soft solid for alumina dispersions (inset of Fig. 6 ). The measured equilibrium modulus ef ( 31 ) is found in the range 10 -2 -10 -1 Pa and increases with the concentration. At such values, the vesicle network is fragile and can be easily broken e.g. by the application of mild flow conditions. To explain the soft solid formation, we again exploit the colloid analogy and assume that with strongly interacting NPs, the vesicle dispersion undergoes a bond percolation transition. Such transitions are common in liquid-to-soft solid phenomena involving polymers or colloids. 35 To substantiate this assertion, we estimate the instantaneous elastic modulus E ( 31 ) by assuming that all alumina particles added in the dispersion are active bonds and participate to the cross-linked network. In this case, E ( 31 ) scales with the product 31 H , where 31 is the bond density, H the Boltzmann constant and the absolute temperature. 35 In regular soft solid, the instantaneous and equilibrium moduli are in principle different, but an estimation for E ( 31 ) is sometimes useful to impart orders of magnitude for the elastic response. The straight line in the inset displays the linear behavior predicted for E ( 31 ) and provides moduli in the range 10 -2 -10 -1 Pa, as for the experiments. Concerning the soft solid properties, it is possible that other mechanisms such as crowding or modification of the membrane elasticity contribute to the overall dispersion elasticity. The differences between silica and alumina particles are explained by the charge and shape of the particles. The silicas are spherical and weakly charged, whereas alumina NPs are in the form of platelets and strongly charged. Cryo-TEM images have also shown that the silica particles can be internalized in the vesicles, potentially reducing the number of effective bonds in the network formation. 47 In conclusion, it is found that above a threshold concentration, the pulmonary surfactant Curosurf® loaded with alumina particles undergoes a rheological transition from a liquid to a soft solid state. These variations in viscosity are important for alveoli whose function is based on the flow properties of the surfactant layer, as they could cause pulmonary diseases.
II.4 -Concentration dependences
III -Conclusion
In this work we study the rheological properties of the biomimetic pulmonary surfactant Curo-surf® in the presence of engineered nanoparticles. We use a recent microrheology technique developed in-house and based on the remote actuation of micron-sized wires via the application of a rotating magnetic field. The wire microrheology is quantitative as it can measure the static shear viscosity and storage modulus of complex fluids. It also enables to differentiate between fluid-type and soft solid-type behaviors, 57 an outcome that is often hard to achieve with classical cone-and-plate rheometers. In a recent work we investigated the viscosity of Curosurf® dispersions as a function of the lipid concentration, and we found that in physiological conditions, the vesicle volume fraction is high and close to the liquid-to-soft solid transition. This finding prompted us to examine the effect of NPs on the surfactant rheology. Here, we extend the work on this biomimetic lung fluid and study its rheological behavior in presence of sub-100 nm NPs. Three types of particles are put under scrutiny, silica particles bearing either positive or negative charges at their surface and positively charged alumina. For particles strongly interacting with lipid membranes via electrostatic attraction, such as positive silica and alumina, significant changes to the dispersion viscosity are observed. For the positive silica, a reduction of the viscosity by a factor of 3 is found from = 9.0 ± 2.0 mPa s for pristine Curosurf® to 3.5 ± 0.7 mPa s at 31 = 0.5 g L -1 . For alumina, we observe a liquid-to-soft solid transition at 31 = 0.1 g L -1 that is interpreted in terms of a bond percolation transition, the particles acting as cross-links in regards to the vesicular network. These results show that inhaled particles interacting with lipid membrane can significantly alter the surfactant flow properties and vesicle reorganization taking place during breathing, a phenomenon that has not been evaluated yet.
IV -Materials and Methods
IV.1 -Materials
Nanoparticles Aluminum (Al2O3) and silicon oxide (SiO2) nanoparticle synthesis and characterization have been described recently. 8, [47] [48] [49] The NPs particles were chosen based on their importance in the nanomaterial production worldwide and on the inherent risks of inhalation exposure. A list of the production volumes and industrial applications for these NPs can be found in Supplementary Information S8. Positive silica were synthetized via the Stöber synthesis using tetraethyl orthosilicate silica precursor (TEOS, Aldrich). 8 Functionalization by amine groups was carried out, resulting in a positively charged coating. Dispersions were prepared at 40 g L -1 and diluted with DI-water at pH 5 for further use. The geometric diameter was determined from TEM at E = 41.2 nm (dispersity 0.11, Fig. 1a ). Negative silica (trade name CLX®, diameter 20 nm, dispersity 0.20) were purchased from Sigma Aldrich at the concentration of 450 g L -1 . The batch was diluted down to 50 g L -1 and dialyzed against DI-water at pH 6.4 for 48 h. Alumina dispersions were prepared from Disperal® (SASOL, Germany) powder at the concentration of 10 g L -1 (pH 5) and thoroughly sonicated. TEM images show irregular platelets of length 40 nm and thickness 10 nm, the dispersity being = 0.30 (Fig. 1b) . The dispersion stability was assessed using dynamic light scattering at pH 5 and 6.4 over extended periods of time (> months) 47 and the hydrodynamic diameters were found to be time independent at 7 = 64 nm, 60 nm and 34 nm, respectively. The surface charge density was determined using the polyelectrolyte assisted charge titration spectrometry at = +7.3e, +0.62e, and -0.31e nm -2 (Table I) Table I : List of nanoparticles and their characteristics. E and 7 stand for the geometric and hydrodynamic diameters determined by transmission electron microscopy and dynamic light scattering. denotes the size dispersity (ratio between the standard deviation and average size of the distribution). The electrostatic charge densities was obtained using polyelectrolyte assisted charge titration spectrometry. 49 Pulmonary surfactant Curosurf® (Chiesi Pharmaceuticals, Parma, Italy) is a porcine minced pulmonary surfactant extract used in maternity hospitals for the treatment of premature newborns with respiratory distress syndrome. 63 It is produced as an 80 g L -1 whitish dispersion at pH 6.4 and contains phosphatidylcholine (PC) lipids, sphingomyelin(SM), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylglycerol (PG) and the hydrophobic proteins SP-B and SP-C. 50, 64, 65 Curosurf® is considered as a model biomimetic surfactant because its composition and bulk properties are constant from one batch to another and because of its long-term shelf stability. The Curosurf® formulation is compared to pulmonary surfactant obtained from lung lavage in Supplementary Information S1. The main differences between the two formulations are the percentages in sphingomyelin, in cholesterol and in phosphatidylglycerol, as well as the absence of the hydrophilic proteins, SP-A and SP-D. 75 µl aliquots were frozen, stored at -20 °C and thawed before use. Curosurf® was kindly provided by Dr. Mostafa Mokhtari and his team from the neonatal service at Hospital Kremlin-Bicêtre, Val-de-Marne, France and used as received or diluted in phosphate buffer saline (PBS, Aldrich). Recently, we used the microrheology MRS technique described below to measure Curosurf® viscosity as a function of the volume fraction 36 and observed an exponential increase in the range 0 -80 g L -1 . The ( )-data are provided in Supplementary Information S9.
Sample preparation
For the evaluation of the interaction strength parameters (data from Fig. 1 ), dilute stock solutions of surfactant and NPs were prepared in the same conditions of pH and concentration. The dispersions were then mixed at different ratios = 12 / 31 following the continuous variation protocol. 47, 55, 56 The total concentration was kept constant at = 12 + 31 = 0.1 or 1 g L -1 , i.e. below the lipid physiological concentration. For alumina, the pH of the stock solution was adjusted at pH 5 to ensure that particles do not aggregate as a result of pH changes. Positive and negative silica were studied at the surfactant physiological pH. For microrheology experiments, the Chiesi formulation at 12 = 80 g L -1 was used as received and diluted by addition of a NP dispersion in PBS, ensuring physiological conditions of pH and ionic strength. In the end, the lipid concentration was at 12 = 44 g L -1 and that of the nanoparticles was varied from 31 = 10 -3 to 0.50 g L -1 . From these values, it is possible to derive the total mass present in the alveolar region, a quantity that is of interest for the comparison with actual exposure data. Assuming for the human alveolar region a total volume of pulmonary surfactant of 25 mL, 19, 21 we found that the lowest concentration used, 31 = 10 -3 g L -1 corresponds to 24 µg of NPs in the entire alveolar region, and that the first effect on the viscosity, observed around 10 -2 g L -1 corresponds to 240 µg. These two values are associated with a total number of particles per alveolus of 1000 and 10000 respectively. Detailed calculations, including those for alumina and negative silica are given in Supplementary Information S10.
IV.2 -Methods
Optical and cryo-transmission electron microscopy
Phase-contrast and bright field images were acquired on an IX73 inverted microscope (Olympus) equipped with 20× and 100× objectives. An EXi Blue camera (QImaging) and Metaview software (Universal Imaging Inc.) were used as acquisition system. For cryo-TEM, few microliters of a 12 = 5 g L -1 Curosurf® dispersion were deposited on a lacey carbon coated 200 mesh (Ted Pella Inc.). The drop was blotted with a filter paper using a FEI Vitrobot TM freeze plunger. The grid was then quenched rapidly in liquid ethane to avoid crystallization and later cooled with liquid nitrogen. 66 The membrane was transferred into the vacuum column of a JEOL 1400 TEM microscope (120 kV).
Active microrheology (including sample preparation)
The magnetic wire microrheology technique has been described in previous accounts. 43, 45, 57 In brief, wires were synthesized by electrostatic co-assembly of 6.7 nm iron oxide NPs and with poly(diallyldimethylammonium chloride) (PDADMAC, Aldrich, x > 100000 g mol -1 ) 67 (Supplementary Information S10). The magnetic wires used in this study have lengths between 5 and 100 µm and diameters between 0.6 and 2 µm. The wire diameters were determined independently by optical microscopy and scanning electron microscopy, leading to the expression, ( ) = 0.619 E.,E, (Supplementary Information S11). As already mentioned, the NP-lipid dispersions were prepared at 12 = 44 g L -1 and 31 = 10 -3 and 0.50 g L -1 . A volume of 0.5 µL containing 10 5 wires in PBS was then added to the previous dispersion and gently stirred. 25 µL of this dispersion were then deposited on a glass plate and sealed into a Gene Frame ® (Abgene/Advanced Biotech, dimensions 10×10×0.25 mm 3 ). The glass plate was introduced into a homemade device generating a rotational magnetic field, thanks to two pairs of coils (23 Ω) working with a 90°-phase shift. An electronic set-up allowed measurements in the frequency range = 10 -3 -10 2 rad s -1 and at magnetic fields E = 0 -15 mTesla. The microrheology protocol used is based on the Magnetic Rotational Spectroscopy technique (Supplementary Information S12). [44] [45] [46] 57 For each condition of magnetic field and angular frequency, a movie was recorded for a period of time of 10/ or longer and then treated using the ImageJ software (https://imagej.nih.gov/ij/). For calibration, MRS was performed on a series of water-glycerol mixtures of increasing viscosities, 4.95, 34.9, 48.9 and 80.0 mPa s, corresponding to glycerol concentrations of 49.8%, 81.0%, 84.5% and 89% (T = 25 °C), leading to a susceptibility anisotropy coefficient Δ = 0.054 ± 0.006 (Supplementary Information S13). 36 deaux 1) for the synthesis of the aminated silica nanoparticles. ANR (Agence Nationale de la Recherche) and CGI (Commissariat à l'Investissement d'Avenir) are gratefully acknowledged for their financial support of this work through Labex SEAM (Science and Engineering for Advanced Materials and devices) ANR 11 LABX 086, ANR 11 IDEX 05 02. We acknowledge the Ima-goSeine facility (Jacques Monod Institute, Paris, France), and the France BioImaging infrastructure supported by the French National Research Agency (ANR-10-INSB-04, « Investments for the future »). This research was supported in part by the Agence Nationale de la Recherche under the contract ANR-13-BS08-0015 (PANORAMA), ANR-12-CHEX-0011 (PULMONANO), ANR-15-CE18-0024-01 (ICONS), ANR-17-CE09-0017 (AlveolusMimics) and by Solvay.
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